Role of NMDA receptors in the trigeminal pathway, and the modulatory effect of magnesium in a model of rat temporomandibular joint arthritis Cavalcante ALC, Siqueira RMP, Araujo JCB, Gondim DV, Ribeiro RA, Quetz JS, Havt A, Lima AAM, Vale ML. Role of NMDA receptors in the trigeminal pathway, and the modulatory effect of magnesium in a model of rat temporomandibular joint arthritis. Eur J Oral Sci 2013; 121: 573-583. © 2013 Eur J Oral Sci Temporomandibular joint (TMJ) arthritis is a common cause of orofacial pain. In the present study, the modulatory effects of N-methyl-D-aspartate receptors (NMDA-Rs) and magnesium were investigated in TMJ arthritis hypernociception. Male Wistar rats received an intra-articular injection of carrageenan (Cg) in the TMJ, and mechanical hypernociception was measured. The NMDA-R antagonist, MK-801, and magnesium chloride (MgCl 2 ) were administered before arthritis induction. Magnesium deficiency was promoted by feeding rats a synthetic magnesium-free diet for 9 d before injection of Cg. The Cg induced mechanical hypernociception that lasted for 120 h. MK-801 inhibited this hypernociceptive state. MgCl 2 pretreatment prevented Cg-induced hypernociception and altered the nociceptive threshold in the absence of Cg. Magnesium deficiency increased hypernociception and induced spontaneous hypernociceptive behavior. TMJ arthritis increased the expression of mRNA for all NMDA-R subunits and immunostaining of phosphorylated NR1 (phospho-NR1). MgCl 2 inhibited expression of NR2B mRNA and phospho-NR1 immunostaining and increased expression of NR3 mRNA. Magnesium deficiency increased expression of both NR1 and NR3 mRNAs and phospho-NR1 immunostaining in the trigeminal subnucleus caudalis. We found that magnesium modulates nociceptive behavior and induces NMDA-R subunit rearrangement in the subnucleus caudalis. The present results may lead to a better understanding of central processing in the nociceptive trigeminal pathway and the development of new approaches to treat orofacial pain with a TMJ origin.
reduces ion currents (17) . Magnesium is also a calcium antagonist in some systems, reducing neuronal excitability and neurotransmitter release (17) (18) (19) . The depolarization process removes the magnesium-induced blockade of NMDA-Rs in a voltage-dependent manner, resulting in hyperexcitability and consequently a sustained state of depolarization and increased synaptic strength (17, 19, 20) .
N-methyl-D-aspartate receptors are composed of the NR1, NR2, and NR3 subunits. The combination of NR1, an essential channel-forming subunit, with the other subunits can change the kinetics of receptor depolarization and sensitivity to magnesium-induced blockade and calcium entry (16, 17) . Some gene-expression studies showed the differential expression of these subunits according to different stimulation that reaches the central nervous system through the trigeminal pathway (21) (22) (23) , but no evidence has been provided on the regulatory mechanism of magnesium in NMDA-R subunit expression in trigeminal subnuclei.
Considering the sparse evidence on the importance of NMDA-Rs in acute and chronic orofacial pain, and the possibility that magnesium can modulate NMDA-R responses in orofacial pain, we aimed to highlight the role of these receptors in the hypernociceptive process in the TMJ region. Additionally, the present study investigated the role of magnesium in the nociceptive response and NMDA-R gene expression in rats with TMJ arthritis.
Material and methods

Animals
We used male Wistar rats that weighed 180-200 g and were housed in a temperature-controlled room (22°C). The experimental protocol was approved by the Animal Ethics Committee of the Faculty of Medicine, Federal University of Cear a (protocol no. 30/10) and was performed in accordance with the Guide for the Care and Use of Laboratory Animals. Efforts were made to use the smallest number of rats possible and to minimize the stress to which they were subjected.
Drugs and reagents
Carrageenan (Cg), MK-801, and tribromoethanol were purchased from Sigma-Aldrich (St Louis, MO, USA). Magnesium chloride (MgCl 2 ) (Vetec, Rio de Janeiro, Brazil) was diluted in mineral water. PCR primers were purchased from Invitrogen (San Diego, CA, USA). The immunohistochemistry ABC kit was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Experimental model
Joint inflammation was induced by an intra-articular injection of Cg (5% or 500 lg per articulation; 10 ll volume). A 5% Cg solution (10 ll) in sterile saline was injected into the supradiscal space of the left TMJ (ipsilateral) using a microsyringe (Hamilton model 702RN; Hamilton, Reno, NV, USA) coupled to a 30-gauge gingival needle (BD, Franklin Lakes, NJ, USA). As a control procedure, another group of rats was injected intra-articularly with saline unilaterally in the left joint.
Before injection with Cg or saline, the rat was anesthetized with tribromoethanol, and the TMJ skin region was carefully shaved. The posteroinferior border of the zygomatic arch was palpated, and the needle was inserted inferior to this point and advanced in a medial and anterior direction until the needle made contact with the condyle. This contact was verified by moving the mandible, and the puncture of the needle into the joint space was confirmed by the loss of resistance. Gentle aspiration excluded intravascular placement, after which the specified volume of Cg or saline was injected.
Mechanical hypernociception in the TMJ was evaluated by measuring the threshold of force intensity, in grams, needed to be applied to the TMJ region until a reflex response of the rat occurred (e.g. head-withdrawal or vocalization). The measurements were performed by an examiner unaware of the treatments, making use of a digital device (Insight; Ribeirão Preto, SP, Brazil). Each rat was housed individually in a plastic cage, 30 min before beginning the tests, and was subjected to a conditioning session of headwithdrawal threshold measurements in the test room for three consecutive days under controlled temperature and low illumination and noise. On the 3rd d, the basal force threshold value was recorded before intra-articular injection of either Cg or vehicle. The measurement of force thresholds was performed (in triplicate) from the ipsilateral TMJ, 4, 6, 12, 24, 48, 72 , and 168 h after injection of Cg (24) . For each experiment, the nociceptive threshold was assessed before the induction of arthritic hypernociception to determine baseline values before the treatment induction when hypernociception developed (i.e. control values) and then once per day after injection of Cg.
Trigeminal spinal nuclei extraction: subnucleus caudalis region
Six, 24, 72, and 120 h after injection of Cg into the TMJ, the rats were anesthetized with an intraperitoneal injection of 2.5% tribromoethanol (250 mg kg
À1
) and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain and brainstem were quickly removed, and the trigeminal nuclei area was dissected, postfixed in 4% formalin for 60-90 min, then sliced into longitudinal 10-lm slices for the immunohistochemistry assay.
Other groups of rats were anesthetized with an intraperitoneal injection of tribromoethanol (0.03 mg kg À1 ) and decapitated. The brain and brainstem were quickly removed, and the trigeminal nuclei area was dissected, immediately frozen in liquid nitrogen, and kept frozen at À80°C until further processing for real-time PCR. The sections used in this study were cut À10.5 to À14.04 mm from the bregma (25) .
Induction of magnesium deficiency in rats
The rats were randomly divided into two groups: normal and magnesium-deficient. The magnesium-deficient groups were allowed to feed for 9 d ad libitum on a synthetic magnesiumfree diet. Deionized water was provided ad libitum during the same period. The synthetic magnesium-free diet contained ; AIN93 magnesium free; Rhoster, São Paulo, Brazil). After the 9th d, the rats received an intra-articular injection of Cg in the left TMJ and continued to feed on the special diet for five more days.
The assessment of head-withdrawal thresholds (mechanical hypernociception) was performed before beginning the special diet and was repeated after 9 d of feeding on this diet. The control group was fed a normal diet and was also subjected to the same conditions as the rats that received the special diet.
To verify magnesium deficiency, serum magnesium concentrations were determined before and after 9 d of special diet feeding, as described below.
Magnesium supplementation
Magnesium supplementation was implemented with oral administration of MgCl 2 dissolved in mineral water. We tested dosages of 10, 30, and 90 mg kg À1 per day, administered orally in a volume of 0.5 ml twice per day for 3, 5, and 7 d before the injection of Cg. The treatment was continued after injection with Cg until the 7th d.
Determination of serum magnesium
The rats were anesthetized with 2.5% tribromoethanol (250 mg kg À1 of body weight, intraperitoneally). Blood was collected from the orbital venous plexus into heparinized tubes. Serum samples were obtained after low-speed centrifugation (1125 g for 15 min). A standardized diagnostic kit for magnesium determination (Labtest Diagn ostica, Minas Gerais, Brazil) was used. The spectrophotometric determination of serum magnesium was performed at 540 nm, as determined by the kit's manufacturer.
Drug treatment
Pharmacological blockade of NMDA-Rs was performed with a single intraperitoneal administration of the NMDA receptor antagonist, MK-801 (0.1, 0.25, and 0.5 mg kg À1 ), 30 min before injection with Cg. The nociceptive threshold was measured before, and 4, 6, 10, 24, and 168 h after, injection of Cg.
Total RNA isolation
The adult rat brainstem, dissected in the region of the trigeminal subnucleus caudalis, was obtained as described above. The average quantity of tissue isolated from each rat sample was approximately 100 mg. The tissues were weighed and stored at À80°C until used for the analysis. Total RNA was isolated from each sample using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Briefly, sample grinding was performed with QIAzol lysis reagent (Qiagen) using a cell disruptor composed of a rotary tool (Dremel 300-N/10; Racine, WI, USA.) and autoclavable steel rotating blades (in-house design). After membrane disruption and release of nucleic acid into the medium, the solution was centrifuged at 20,000 g for 5 min, and 200 ll of 1-bromo-3-chloropropane (BCP; Fluka, Milwaukee, WI, USA) was added to the supernatant. After homogenization and centrifugation at 15,000 g for 15 min at 4°C, the 2-ml tube contents were separated into three phases, and the impure RNA was found in the upper limpid phase. The following steps consisted of assembling the impure RNA in a spin column to remove impurities using 70% ethanol and RW1 and RPE buffers (Qiagen). The elution of highly pure nucleic acids occurs in RNase-free water. The RNA obtained was quantified using NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA).
Reverse transcription reaction
To evaluate the gene expression of NR1 (NMDA1), NR2B (NMDA2B), and NR3 (NMDA3), the isolated RNA was transformed to cDNA by a reverse transcription reaction using a SuperScript III Reverse Transcriptase System (Invitrogen). Briefly, RNA samples (1 lg) were incubated with 4 ll of 5 9 iScript Reaction Mix and 1 ll of iScript Reverse Transcriptase (Bio-Rad, Hercules, CA, USA) in Milli-Q water to a final volume of 20 ll. This reaction was cycled at 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. The synthesized cDNA was kept in a freezer at À20°C until amplification by real-time quantitative PCR (qPCR).
Real-time qPCR
The expression of NMDA-1, NMDA-2, and NMDA-3 genes was assayed using an iQ5 Real-Time PCR Detection System (Bio-Rad), based on the detection of SYBR Green Table 1 Oligonucleotide sequence of primers used in the qPCR assays incorporation. Phospholipase A2 (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta polypeptide) was used as the reference gene (YHWAZ). DNA primers for all of the genes (Table 1) were designed on the basis of mRNA sequences obtained from the National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov; accessed December 26, 2011). Real-time PCR assays were performed in a final volume of 25 ll of a medium that contained 12.5 ll of iQ SYBR Green Supermix (a standard buffer for amplification containing reagents, such as DNA polymerase, deoxynucleotide triphosphates (dNTPs), and saline buffer, at optimal concentrations for RT-PCR assays), 200 nM primers, and 2 ll of cDNA of the samples. Negative samples were also tested, in which the cDNA was replaced with autoclaved Milli-Q water. The PCR conditions were as follows: an initial denaturation step of 7 min at 95°C, followed by 40 cycles for gene amplification. Each cycle consisted of an initial denaturation phase of 30 s at 95°C, followed by an annealing phase of 30 s at 61°C and an extension phase of 45 s at 72°C. The samples were then subjected to an extension step of 3 min at 72°C. To ensure the specificity of the amplifications applied (i.e. to determine whether the products formed were specific for the tested genes), we constructed a melting curve after each reaction, in which the reaction temperature was subsequently increased by 0.5°C every 20 s, beginning at the annealing temperature of a given primer and ending at 95°C. Throughout the qPCR amplification process, changes in fluorescence were measured, and the data obtained from iQ5 Optical System software (version 2.0; Bio-Rad) were based on the values of the threshold cycle, in which the observed fluorescence is 10-fold higher than the basal fluorescence for each PCR assay. Gene expression was obtained by applying the mathematical method of PFAFFL (26) .
Immunohistochemistry
Immunohistochemistry for phosphorylated NR1 was performed using the streptavidin-biotin-peroxidase method in formalin-fixed, paraffin-embedded tissue sections (5 lm thick) mounted on poly-L-lysine-coated microscope slides. The sections were deparaffinized and rehydrated using xylene and a graded series of alcohol. After antigen retrieval with citrate buffer (pH 6.0) at 95°C (15 min), endogenous peroxidase was blocked twice (10 min) with 3% (v/v) hydrogen peroxide and washed in PBS. The sections were incubated overnight at 4°C with primary rabbit anti-(phospho-NR1) (Millipore, São Paulo, Brazil), diluted 1:200 in PBS containing 5% BSA (PBS/BSA). The slides were then incubated with biotinylated goat anti-rabbit (Santa Cruz Biotechnology) diluted 1:400 in PBS/BSA. After washing, the slides were incubated with avidin-biotin-horseradish peroxidase conjugate (Strep ABC complex; Santa Cruz Biotechnology) for 30 min according to the manufacturer's protocol. Immunostaining was visualized with the chromogen 3,3′-diaminobenzidine (DAB; ABC staining system; Santa Cruz Biotechnology). Negative control sections were processed simultaneously, as described above, but with the first antibody replaced with PBS/BSA. None of the negative controls showed immunoreactivity to phospho-NR1. The slides were counterstained with Mayer's hematoxylin, dehydrated in a graded series of alcohol, cleared in xylene, and coverslipped. Each group consisted of six rats. Positive labeling for phospho-NR1 was determined by brown staining.
The slides were photographed with a Leica microscope coupled with a DFC232 camera (Leica, Wetzlar, Germany). After focusing the microscope, the left Sp5C area was identified and photographed at 200 9 magnification.
The area stained in the pictures was quantified by differentiating the areas (pixels) with higher color saturation associated with immunostaining (brown). For this, we used the IMAGE J-NIH software (http://rsb.info.nih.gov). The procedure was based on color saturation associated with positive staining for a particular marker. The limits required for defining selected pixels were previously defined by color threshold. The percentage of the area stained in each photograph was calculated by dividing the selected pixel areas by the total area of the photograph. At least four photographs per group were evaluated.
Statistical analysis
The results are expressed as the mean AE standard error of the mean of the measurements from at least six rats per group. ANOVA followed by Bonferroni's test was used to compare means. The Student's t-test was used to compare two means. Values of P < 0.05 were considered statistically significant.
Results
Time-course of the hypernociceptive effect
The intra-articular Cg injection resulted in time-dependent and long-term hypernociception in response to mechanical stimulation, measured by a marked decrease in the mechanical head-withdrawal threshold. The mechanical hypernociception induced by Cg began at the 4-h time-point, peaked between 6 and 12 h (P < 0.001), with the peak lasting until 96 h (P < 0.05), and had returned to baseline by 168 h. The rats injected with intra-articular saline in the left TMJ presented no significant changes in mechanical withdrawal thresholds at any of the time-points evaluated (Fig. 1) . Fig. 1 . Time course of the hypernociceptive effect of carrageenan-induced temporomandibular joint (TMJ) arthritis. Saline (10 ll) or 5% carrageenan (10 ll) was injected intraarticularly into the left TMJ of rats. The nociceptive threshold (head withdrawal) in response to mechanical stimulation was measured before and after (4-192 h) the injection. The data are expressed as the mean AE standard error of the mean of the force threshold, in grams, of six rats per group. Asterisks indicate significant differences from the saline group (Student's t-test; ***P < 0.001, **P < 0.01, *P < 0.05).
Effect of NMDA-R antagonist
We investigated the role NMDA-Rs in the nociceptive effect of Cg-induced TMJ arthritis. The effect of the nonselective NMDA-R antagonist, MK-801, was investigated at doses of 0.1, 0.25, and 0.5 mg kg
À1
, intraperitoneally. Our results showed that 0.25 and 0.5 mg kg À1 of MK-801 dose-dependently increased mechanical withdrawal thresholds compared with the control group (Fig. 2) . Four hours after injection with Cg, no significant effect of MK-801 was observed compared with the control group. Withdrawal thresholds were increased by treatment with MK-801 only, starting at 6 h (i.e. the peak of hypernociception; P < 0.001) and remained at levels significantly different from controls up to 144 h (P < 0.05). The dose of 0.5 mg kg À1 had a maximum inhibitory effect among treated groups, at 48 h (P < 0.001), that lasted until 120 h (P < 0.05) after injection with Cg.
Effect of oral MgCl 2 supplementation
An experiment was first designed to determine the dose at which MgCl 2 would exert an antihypernociceptive effect. We tested doses of 10, 30, and 90 mg kg
À1
(given twice per day; 3-d pretreatment). The results showed that the 90-mg kg À1 dose inhibited hypernociception 4, 6, 24, and 120-168 h after injection with Cg, reaching the maximal effect at 6 h (P < 0.001). Interestingly, we found that after 3 d of treatment with 90 mg kg À1 of MgCl 2 , withdrawal thresholds were significantly increased (P < 0.01), even before injection with Cg, compared with the non-treated group (Fig. 3) .
We then evaluated the time-course of the effect of 90 mg kg À1 of MgCl 2 over 5 and 7 d of pretreatment. Our results showed a progressive increase in withdrawal thresholds with 5 and 7 d of treatment. Withdrawal thresholds were significantly higher at all time-points evaluated after administration of Cg (P < 0.001; Fig. 4A,B) .
To verify whether plasma magnesium concentrations increased in rats supplemented with MgCl 2 , we determined the serum magnesium concentrations 3, 5, and 7 d after starting MgCl 2 supplementation, before injection with Cg. Plasma magnesium levels were significantly increased in all groups treated with MgCl 2 (P < 0.05) compared with baseline serum magnesium levels (Fig. 4C) .
Effect of magnesium deficiency
Nine days after starting the magnesium-free diet, the rats showed a significant decrease in head-withdrawal thresholds (P < 0.001) compared with the normal diet group (Fig. 5B) . Head-withdrawal thresholds were assessed before injection of Cg. Plasma magnesium levels were also assessed. After 9 d of the special diet, the rats displayed a significant decrease in plasma magnesium concentrations compared with rats receiving the normal diet (P < 0.001; Fig. 5A ).
Four hours after injection of Cg, a significant difference (P < 0.001) was observed between the group treated with a normal diet and the group treated with the magnesium-free diet; this difference lasted for 6 h (maximum effect, P < 0.001) and had disappeared by the 24-h time point. Interestingly, 96 h (P < 0.05) after injection of Cg, a difference between these groups reappeared that remained until the 120-h time point (P < 0.001).
Treatment with MK-801 prevented the decrease in head-withdrawal thresholds induced by magnesium deficiency in Cg-and saline-injected rats (P < 0.001). The inhibition induced by MK-801 reached 100% (P < 0.001) of the hypernociceptive effect of Cg and magnesium deficiency. À1 ) or vehicle (control) was injected intraperitoneally 30 min before the intraarticular injection of 5% carrageenan (10 ll) into the left TMJ. The nociceptive threshold (head withdrawal) in response to mechanical stimulation was measured before and after (4-168 h) the injection. The data are expressed as the mean AE standard error of the mean of the force threshold, in grams, of six rats per group. Asterisks indicate significant differences from vehicle (ANOVA followed by Bonferroni's test; ***P < 0.001, **P < 0.01, *P < 0.05). ) was administered orally, twice daily (at 12-h intervals) for 3 d, before intra-articular injection of 5% carrageenan (10 ll) into the left TMJ and also until day 168. The nociceptive threshold (head withdrawal) in response to mechanical stimulation was measured before and after (4-168 h) the injection. The data are expressed as the mean AE standard error of the mean of the force threshold, in grams, of six rats per group. Asterisks indicate significant differences from vehicle (ANOVA followed by Bonferroni's test; ***P < 0.001, **P < 0.01).
NMDA-R gene expression in rat trigeminal subnucleus caudalis
Expression of the genes encoding three NMDA-R subunits was investigated in tissue samples obtained from the trigeminal subnucleus caudalis. NMDAR1 (NR1), NMDAR2B (NR2B), and NMDAR3 (NR3) were expressed ( Figs 6 and 7) , and their expression profiles changed according to MgCl 2 treatment, magnesium deficiency, and Cg-induced TMJ inflammation (arthritis).
Carrageenan-induced arthritis in the TMJ significantly increased expression of the NR1 subunit (P < 0.05) compared with naive rats. Treatment with MgCl 2 did not modify expression of the NR1 subunit compared with the non-treated group but still induced a significant difference compared with the naive group (P < 0.05; Fig. 6A) .
No difference in expression of the NR2B subunit was found between naive rats and rats in the Cg-induced arthritis group. A decrease in expression of the NR2B subunit was found in arthritic rats treated with MgCl 2 compared with rats in the naive group (P < 0.05; Fig. 6B ) and in the non-treated group (P < 0.05; data not shown).
Expression of the NR3 subunit was weak but significantly increased in the Cg-induced arthritis group compared with naive rats (P < 0.05; Fig. 6C ), and treatment with MgCl 2 resulted in a two-fold increase in expression of the NR3 subunit (P < 0.05; Fig. 6C) . A two-fold increase in expression of the NR3 subunit was also observed when the treated rats were compared with non-treated arthritic rats (P < 0.05; data not shown).
Magnesium deficiency significantly increased expression of the NR1 subunit (P < 0.05) compared with naive rats (Fig. 7A) . When TMJ arthritis was induced by Cg in magnesium-deficient rats, expression of the NR1 subunit decreased compared with that in the naive group (P < 0.05; Fig. 7A ) and in the magnesium-deficient group not injected with Cg (P < 0.05; data not shown). In summary, treatment of magnesium-deficient rats with Cg decreased expression of the NR1 subunit.
Magnesium deficiency did not modify NR2B expression in either arthritic or non-arthritic rats (Fig. 7B) . Expression of the NR3 subunit was significantly upregulated in magnesium-deficient rats (P < 0.05), with no differences found between Cg-treated and nontreated rats (Fig. 7C) .
Immunohistochemistry for NR1 subunit phosphorylation
The immunohistochemical analysis showed an increase in phosphorylation of the NR1 subunit (phospho-NR1) in the subnucleus caudalis region in rats with Cg-induced arthritis (P < 0.001) compared with naive rats (Fig. 8B,C,G) . Treatment with MgCl 2 decreased (P < 0.05) this immunostaining (Fig. 8D,G) compared with Cg-treated rats. Magnesium deficiency also increased (P < 0.001) phospho-NR1 immunostaining in both the saline-and Cg-treated groups (Fig. 8E-G) .
Discussion
A previous study showed that a single Cg injection caused a persistent hypernociceptive response. Our results showed that Cg-induced orofacial hypernociception lasted until day 6. After this point, the withdrawal threshold was almost equal to baseline (24) .
To understand, in more detail, the central processing of arthritic TMJ hypernociception via the trigeminal pathway, we examined the role of NMDA-Rs in the subnucleus caudalis region. MK-801, a specific antago- ) was administered orally, twice daily (at 12-h intervals) for (A) 5 d and (B) 7 d, before intra-articular injection of 5% carrageenan (10 ll) into the left TMJ and also until day 168. The nociceptive threshold (head withdrawal) in response to mechanical stimulation was measured before and after (4-168 h) the injection. The data are expressed as the mean AE standard error of the mean of the force threshold, in grams, of six rats per group. Asterisks indicate significant differences compared with the vehicle group (ANOVA followed by Bonferroni's test; ***P < 0.001, **P < 0.01, *P < 0.05). (C) Animals were treated with vehicle (V) or magnesium chloride (MgCl 2 ; 90 mg kg
À1
; twice daily (at 12-h intervals)). The results are expressed as the mean AE standard error of the mean of plasma magnesium (Mg 2+ ; mg dl À1 of blood) levels. Asterisks indicate significant differences compared with the vehicle group (t-test; 95% CI; ***P < 0.001, **P < 0.01, *P < 0.05; # P < 0.05, day 5 9 7 treatment day interaction).
nist, completely reduced ongoing hypernociceptive behavior related to arthritic TMJ and oral MgCl 2 supplementation. Furthermore, the MK-801-induced blockade of hypernociception had a long-lasting effect of up to 120 h after a single injection.
The same doses used in our study rapidly and robustly reduced mechanical and thermal hypernociception in neuropathic models in previous studies (9, 12) .
Magnesium is a physiological NMDA-R modulator that plays a significant role in the blockade of glutamate-induced channel opening (19, 21, 22) . We investigated the effect of magnesium supplementation and magnesium deficiency in hypernociceptive processing in the trigeminal pathway. Previous studies demonstrated that magnesium deficiency sensitized nociceptive pathways in the spinal cord, with the involvement of both NMDA and non-NMDA receptors (9, 27) . Magnesium supplementation decreased the effect of excitatory amino acids in the central nervous system (28) .
Our data showed that repeated administration of MgCl 2 partially reversed mechanical hypernociception in an animal model of TMJ arthritis. Other authors who used different experimental models found similar results using MgSO 4 (27, 29) .
In the present study, on day 7, plasma magnesium levels were approximately 1.1 mM in the MgCl 2 -treated group, below toxic levels. Considering that no rigid guidelines were used to choose the optimal dose of magnesium, we nonetheless attempted to avoid toxic effects by not exceeding plasma magnesium levels of 3 mM (13). We also considered whether supplementation with oral magnesium can cause magnesium to reach the central nervous system. Previous studies reported significant magnesium concentrations in cerebrospinal fluid and in the spinal cord after administration of intraperitoneal magnesium sulfate and a magnesium-enriched diet, demonstrating that magnesium is indeed able to cross the blood-brain barrier and reach central NMDA-Rs (27, 30) . Therefore, we assumed that magnesium could play a central role in blocking NMDA-Rs and consequently in the hypernociceptive process.
In the present study, we induced hypomagnesemia (i.e. magnesium levels < 1.8 mg dl À1 or < 0.74 mM) (9, 27) by administering a special diet. We also measured plasma magnesium levels and found a significant difference from baseline. The response to mechanical stimulation was investigated both before and after the induction of magnesium deficiency. Magnesium deficiency induced a hyperalgesic state. Thresholds in the magnesium-deficient group remained lower than in ) was administered orally for 7 d (twice daily, at 12-h intervals) before intra-articular injection of 5% carrageenan (10 ll) into the left temporomandibular joint (TMJ). The expression of the NR1, NR2B, and NR3 genes was evaluated in samples of the trigeminal subnucleus caudalis region. The data are expressed as the mean AE standard error of the mean of six rats. *P < 0.05, compared with control (naive; Student's t-test). ; mg dl À1 of blood) levels (A) or the threshold of force, in grams (B). Asterisks indicate significant differences from the Cg+ND group (ANOVA followed by Bonferroni's test; ***P < 0.001, **P < 0.01, *P < 0.05).
the normal diet group during the entire experiment. The hypernociceptive effect of magnesium deficiency was reversed by MK-801, demonstrating that NMDA-Rs play a role in this process. These results are consistent with those of previous studies (9, 10, 12, 27) .
We attempted to determine whether magnesium deficiency or supplementation influences expression of NMDA-R subunits. We found that expression of the NR1 subunit increased in response to treatment with Cg, which is consistent with other work (31) . We also found an increase in the level of phosphorylated NR1 in the Cg-induced arthritis group. Several studies have suggested that NR1 phosphorylation is correlated with the presence of neuropathic and inflammatory pain (22, 32, 33) . Moreover, conditional deletion of NR1 mRNA reduced NMDA-mediated hyperalgesia induced by peripheral injury (34) , and NR1 subunit knockout mice exhibited a reduction in hypernociception and allodynia (35) .
The induction of magnesium deficiency also resulted in upregulated expression of NR1 and increased phospho-NR1 immunostaining, possibly explaining the decrease in nociceptive thresholds in rats that did not receive Cg treatment.
In addition to the increase in hypernociceptive behavior, downregulation of expression of the NR1 subunit occurred in the magnesium-deficiency group treated with Cg. This may reflect a necessary adaptive response to avoid excessive neuronal excitability, glutamate-induced NMDA-R overstimulation, and an excitotoxic process that leads to cell death, all of which can be observed in many neurological conditions (36) (37) (38) (39) . However, we did not observe a decrease in phospho-NR1; rather, we observed an increase of phospho-NR1 in the magnesium-depleted Cg group in comparison with the Cg group. These findings suggest that the decreased mRNA expression did not affect protein levels at this time point or the phosphorylation process.
Treatment with MgCl 2 did not modify expression of NR1 mRNA but did result in a decrease of NR1 phosphorylation. A recent study demonstrated that MgSO 4 supplementation reversed the increase in phospho-NR1 in diabetic mice but did not modify total NR1 expression (40) .
We assessed expression of NR2 because this subunit has been directly implicated in pain perception (41) (42) (43) (44) in response to tissue injury and TMJ injury (10) . This subunit appears to be less sensitive to magnesium blockade during the potentiation of protein kinase C that occurs during inflammatory hyperalgesia (41) .
In the present study, expression of the NR2B subunit was downregulated by treatment with MgCl 2 . We suggest that magnesium exerts an antinociceptive effect and downregulates expression of this subunit. Magnesium deficiency did not have any apparent effects on expression of NR2B, but induced hypernociception. This may be attributable to the absence of magnesiuminduced blockade of NMDA-Rs. Similarly to previous studies, we also observed a tendency toward upregulated expression of NR2B in Cg-induced arthritis (15, 19, 23) .
We observed an upregulation of NR3 subunit expression with magnesium deficiency and MgCl 2 supplementation . To our knowledge, this is the first work that has demonstrated these findings. No study of which we are aware has related NR3 subunit expression with pain and magnesium deficiency or supplementation. The literature shows that NMDA-Rs formed with this subunit are insensitive to magnesium blockade, and that neuronal and glial cells express this type of receptor in response to injury (45) (46) (47) . Additionally, when coexpressed with the NR1 and NR2 subunits, NR3 modulates NMDA-R activity by decreasing receptor conductance, calcium permeability, and magnesium sensitivity (48, 49) .
With regard to the modulatory effect of magnesium on glutamate release, we speculate that magnesium deficiency induced by dietary deficiency upregulates the NR3 subunit through a physiological compensatory mechanism. A compensatory mechanism increases expression of NR3 mRNA, which has an inhibitory effect on NMDA-evoked glutamate currents because NR3 is neuroprotective (47) . This subunit is insensitive to glutamate and also exhibits a reduced probability of , and NR3 (NMDA3) in samples of the trigeminal subnucleus caudalis in arthritic rats with magnesium deficiency. Saline (S) or 5% carrageenan (Cg; 10 ll) was injected intra-articularly into the left temporomandibular joint (TMJ) in rats fed a magnesium-free diet. The naive group consisted of non-treated rats fed a normal diet. The expression of the NR1, NR2B, and NR3 genes was evaluated in samples of the trigeminal subnucleus caudalis region. The data are expressed as the mean AE standard error of the mean (SEM) of six rats. *P < 0.05, compared with control (naive; Student's t-test).
single-channel opening and longer mean opening times (46, (50) (51) (52) . Some work has demonstrated that mice which lack the NR3 subunit exhibit an increase in NMDA currents and spine density (47, 50) . Other authors have associated magnesium deficiency with neuroprotective events in the brain (53) .
The present results showed that MgCl 2 supplementation increased expression of the NR3 subunit and decreased expression of the NR2B subunit, which makes neuronal cells express more NR1/NR3 type of receptors. This type of NMDA-R is insensitive to magnesium blockade and decreases synaptic activity. Moreover, MgCl 2 decreased the formation of phospho-NR1, indicating inhibition of NMDA-R function.
In summary, we found that NMDA-Rs play an important role in TMJ inflammatory hypernociception and that magnesium has an antinociceptive effect in this condition. Furthermore, physiological magnesium levels are important for the maintenance of nociceptive thresholds in the trigeminal pathway because magnesium deficiency induces a hypernociceptive state. Both magnesium supplementation and deficiency influence expression of NMDA-R subunit mRNA in the subnucleus caudalis of the trigeminal sensory complex. The increase in expression of the NR3 subunit and decrease in expression of the NR2B subunit may explain this modulatory effect of magnesium on nociceptive thresholds, but further investigations should be performed to confirm these observations. The present results may lead to a better understanding of central processing in the nociceptive trigeminal pathway and the development of new approaches to treat orofacial pain with a TMJ origin. 
